Abandonment of farming systems on upland areas in southwest Britain during the Late Bronze Age -some 3000 years ago -is widely considered a 'classic' demonstration of the impact of deteriorating climate on the vulnerability of populations in such marginal environments. Here we test the hypothesis that climate change drove the abandonment of upland areas by developing new chronologies for human activity on upland areas during the Bronze Age across southwest Britain (Dartmoor, Exmoor and Bodmin Moor). We find Bronze Age activity in these areas spanned 3900 to 2950 calendar years ago with abandonment by 2900 calendar years ago. Holocene Irish bog and lake oak tree populations provide evidence of major shifts in hydroclimate across the British Isles, coincident with ice rafted debris layers recognized in North Atlantic marine sediments, indicating significant changes in the latitude and intensity of zonal atmospheric circulation across the region. We observe abandonment of upland areas in southwest Britain coinciding with a sustained period of extreme wet conditions that commenced 3100 calendar years ago. Our results are consistent with the view that climate change increased the vulnerability of these early farming communities and led to a less intensive use of such marginal environments across Britain.
Introduction
The impact of climate change on human populations remains highly complex (McCormick et al., 2012; Zhang et al., 2007) . Although some studies have suggested deteriorating climate conditions impacted cultures (Büntgen et al., 2011; Huntley et al., 2002; Magny, 2004; Rosen and Rivera-Collazo, 2012; Williams et al., 2015) , the selection
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of palaeoclimate proxies, 'smearing' of archaeological chronologies and non-linear societal responses risks 'false positive' associations (Baillie, 1991; Caseldine and Turney, 2010; Coombes, 2005; Plunkett et al., 2013) . Of particular significance in this regard is the Bronze Age, where climate change has been proposed to have played a significant role in large scale abandonment and migration around 1000 BC across the British Isles (3000 years ago) (Baillie, 1999; Burgess, 1985; Tipping et al., 2008; Warner, 1993) , Europe (Burgess, 1989; Menotti, 2002; van Geel et al., 2004; Weiss, 1982) and the Near East (Frank et al., 2002; Kaniewski et al., 2010; Kaniewski et al., 2015; Weiss, 1982) .
Recent work, however, has questioned this association, suggesting socio-economic or political factors may have initiated population collapse instead (Armit et al., 2014; Plunkett, 2009 ). High-precision dating and correlation of archaeological and palaeoclimate are crucial for resolving this apparent impasse.
One of the earliest studies suggesting an impact of climate on early European communities was the late Bronze Age abandonment of moor-wide boundaries known as 'reaves' on Dartmoor, an upland area in southwest Britain reaching 621 metres above sea level (Fleming, 1988) . Interpreted as a planned and systematic land division, the reaves are thought to have been established during the middle Bronze Age in response to grazing land pressure, but were proposed to have been later abandoned due to cooler, wetter conditions (Caseldine, 1999; Fleming, 1994) . This pioneering work had limited age control (being based on just three radiocarbon ages) while the changing conditions were inferred from vegetation (pollen) responses to climate (which can be problematic given competing influences such as ecological succession and human activity in the landscape) (Caseldine, 1999; Dark, 2006; Fyfe et al., 2003) .
To what extent the abandonment of the reaves was a reflection of depopulation or simply a reduction in the intensity of human activity across the region is unclear. Although some parts of Dartmoor and other upland areas in the region were exploited for arable cultivation (Caseldine, 1999) as a consequence of population expansion (Woodbridge et al., 2014) , most were probably used for pastoral purposes alongside mining to access mineral-rich seams (Webster, 2007) . Whilst it seems likely that society and/or internal social systems would have played a role in individual and group decision making (Wickstead, 2008) , subsequent archaeological studies have largely supported the idea of a less intense upland settlement during the late Bronze Age (Quinnell, 1994) , suggesting a common cause for the shift away from permanent mixed agriculture in the region. It has long been recognised that new excavations on upland areas in the southwest of Britain will allow the archaeological evidence for abandonment of upland areas to be robustly tested against climate datasets (Caseldine, 1999) . However, there has been limited development of radiocarbon datasets from archaeological contexts, whilst climate records from peat sequences in southwest Britain (Amesbury et al., 2008) have precluded a robust test of abandonment. Here we explore the value of a more expansive radiocarbon dataset for testing the hypothesis of climate change driven abandonment of upland areas during the Bronze Age using Bayesian age modeling and an annually-resolved record of hydroclimate from northern Ireland that is representative of upland areas across the western British Isles.
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Archaeological Datasets and Radiocarbon Calibration Turney et al.: Bronze Age abandonment of marginal lands in Britain
5
To test for a societal response to hydroclimate change during the Bronze Age, we analysed a comprehensive suite of radiocarbon ages taken from southwest Britain upland archaeological sites (incorporating Dartmoor, Exmoor and Bodmin Moor) described as ceremonial (including cairns and barrows), field boundaries (including reaves) and 'settlements' (incorporating sites of occupation, including fortifications), spanning the Bronze and Iron ages (Table 1) . Importantly, with regards the permanent agricultural use of these areas, the settlements investigated to date include large clusters of roundhouses, implying relatively large concentrations of populations, for example at Leskernick (Bender et al., 2007) , while others have evidence for long-term use, with stone constructions replacing timber, for example at Shaugh Moor (Wainwright and Smith, 1980) (Figure 1 ). Due to uncertainties over the possible inclusion of young material from roots and percolating humic acids within bulk peat samples in high rainfall areas (Head et al., 2007) , we focused our analysis on published radiocarbon-dated charcoal and wood samples which we interpret to be associated with the construction, use or abandonment of a feature. Ages were incorporated into the age model where there was reportedly a strong stratigraphic relationship between the sample and the associated structure, thereby providing the closest possible measure of the timing of archaeological evidence for construction. Those samples that did not have a direct stratigraphic relationship with the feature being dated were not included in our analysis. To help refine the chronology of Bronze Age activity in southwest Britain we also used Iron Age-dated sites to provide an upper age limit on abandonment.
The 14 C ages were calibrated against the Northern Hemisphere calibration (IntCal13) dataset (Reimer et al., 2013) . Unfortunately not all biases in the dataset could be satisfactorily identified and removed. In particular, the dating of charcoal has the potential to incorporate large inbuilt ages from long-lived material (Gavin, 2001; Wilmshurst et al., 2011) . Using Bayes theorem, the algorithms employed sample possible solutions with a probability that is the product of the prior and likelihood probabilities. Taking into account the deposition model and the actual age measurements, the posterior probability densities quantify the most likely age distributions; the outlier option was used to detect ages that fall outside the calibration model for each group, and if necessary, down-weight their contribution to the final age estimates. As a result we developed a chronological framework using a three Phase model in OxCal 4.2 (Bronk Ramsey, 2008) with Charcoal analysis detection (probability=0.05). The first Phase was Bronze Age construction; the second abandonment; and the third Phase, Iron Age construction. The age model used here assumes charcoal ages are likely to be only very slightly earlier than the date of deposition and have a long tail of older ages from old redeposited material (Bronk Ramsey, 2009) , and therefore allows for outliers to be older than the modeled age.
Modelled ages are reported here as thousands of calendar years BP (Table 1) .
Climate Datasets
Recent studies have focused on palaeoenvironmental records across the southwest of Britain (Amesbury et al., 2008; Dark, 2006; Fyfe and Woodbridge, 2012; Gearey et al., 2000) . The climatic and anthropogenic interpretation has, however, proved problematic (Amesbury et al., 2008; Brown, 2008; Gearey et al., 2000) , due in part to the ambiguity over assigning pollen changes to reconstructing changing land cover and/or the relatively poor dating and resolution. Although no annually-resolved Holocene climate records are available from southwest Britain, an alternative record is the northern Irish tree-ring chronologies using bog and lakeside growing oaks (Quercus spp.).
To test whether the Irish bog oak data can be as a proxy of climate change in southwest Britain, we compared the Hawkridge monthly mean precipitation data (Exmoor; 51.05˚N, The continuous Irish bog oak chronology of >750 trees exists back to 7468 years ago (Pilcher et al., 1984; Turney et al., 2005) and has been obtained from marginal environments across northern Ireland. Peaks in tree numbers have been interpreted as representing episodes of surface drying conducive for oak colonization (Turney et al., 2005) . Mean age analyses demonstrate that troughs in tree populations coincide in the first instance with peaks in the mean age of the populations, suggesting recruitment failure (Leuschner et al., 2002) . With elevated water table levels, saplings would have struggled to establish themselves on bog surfaces, skewing the mean age to older members of the population, which subsequently died, resulting in a significant drop in the mean age (Leuschner et al., 2002) . Following climatic amelioration (interpreted to be 'drying'), the trees regenerate, returning to intermediate mean age values. The synchronisation of the bog oaks sequences was achieved by visual and statistical correlation of tree ring-width patterns over the last 30 years (Brown et al., 1986) . The method is extremely robust and error-free, and as a result has been used to provide precisely-dated bidecadal wood samples for the international radiocarbon calibration curve (Reimer et al., 2013) . Previous studies have demonstrated that bog oaks are highly responsive to precipitation/water table levels (García-Suárez et al., 2009; Scharnweber et al., 2015) . However, other work has raised the possibility that tree population data may not represent changes in hydroclimate, and instead favour the use of testate amoeba-based water table reconstructions and humification records from peatlands (Armit et al., 2014; Swindles et al., 2012) .
Unfortunately, such records typically have large chronological (centennial-scale) and water table (up to 6 cm) uncertainties (Charman et al., 2006; Väliranta et al., 2012) .
To test the relationship between oak number and tree growth, we calculated the 5th and 95th percentiles from the Bronze Age period to identify the extremes in the oak number; from these we derived the mean ring width (a measure of tree growth). During the downturn in oak number, the mean ring width was 84.8±17.6 (standardized units) while during the period of high oak number the mean ring width was 122.4±22.8. We undertook a student's t-test (2 tailed) and obtained a statistically significant difference between the two means (p<0.0001), demonstrating maximum oak population numbers were associated with most favourable (drier/low water table) growing conditions. In addition to the above, a further set of oaks has been collected from lake margins below present day water levels and appear to coincide with periods of maximum bog oak population numbers, supporting the interpretation of drier conditions during these times. Although the mean age and population size of Irish oaks do not quantify absolute changes in the water table, the parallel trends in the different bog and lake datasets, and response of tree growth across the Bronze Age suggest a common hydroclimate control via changes in water level whilst the absolute chronology afforded by the tree rings allow precise comparison to archaeological records (Pilcher et al., 1984; Turney et al., 2005) .
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Tipping Point Analysis
To investigate the climate signal of the tree dataset further, we undertook 'tipping point' analysis across the period represented by the Bronze Age in southwest Britain. This technique is based on the fact that abrupt climate changes, if characterised by long-term forcing prior to reaching a tipping point in the system dynamics, can be mathematically detected by looking at the pattern of fluctuations in the short-term trends of the data before the shift takes place (Dakos et al., 2008) . This is based on the concept of 'critical slowing down', where on the approach to such an abrupt shift, the equilibrium state of the system takes increasingly longer to recover from small perturbations (Dakos et al., 2012; Held and Kleinen, 2004) . This increased recovery time is detected as a short-term increase in the lag-1 autocorrelation or 'memory' of the time series (Ives, 1995) . This mechanism is fundamentally inherent to all bifurcational tipping points, since as the system approaches a bifurcation point, the basin of attraction starts to become wider and shallower, allowing the system to travel further from its equilibrium (van Nes and Scheffer, 2007 ). An increasing trend in variance is also often found due to the ability of the system to travel farther from its equilibrium point as the basin of attraction shallows and widens (Lenton et al., 2012) . The method involves detrending the data to remove the long-term trends using a Gaussian kernel smoothing filter over a suitable bandwidth (such that the long term trends are removed without overfitting the data). The resulting residuals were then measured for autocorrelation at lag-1 and variance over a sliding window of 50% of the length of the dataset, using the R functions ar.ols() and var(), respectively. The Kendall tau rank correlation coefficient is used to provide a quantitative measure of the trend (Kendall, 1948) by assessing the predominance of concordant pairs, providing an objective evaluation of the statistical evidence for the trend.
We also undertook a sensitivity analysis by running repeats of the analysis with a range of smoothing bandwidths (5-15% of the time-series length) and sliding window sizes (40-60% of the time-series length) to determine whether the results are sensitive to these parameter choices. The results are visualized using contour plots of the Kendall tau values of these repeats. In order to test the significance of these results, we created a surrogate dataset by randomising the original data over one thousand permutations. This method guarantees the same amplitude distribution as the original time series, but removes any ordered structure or linear correlation (Theiler et al., 1992) . The autocorrelation at lag-1 and variance were computed for each of the surrogate time series, and the probability of making a Type I statistical error (false positive) for the original data was computed by comparing to the probability distribution of the surrogate data. A histogram is used to illustrate these results; if the data that we find falls outside the 90 th percentile of the surrogate data, our results are significant at p=0.1.
Results and Discussion
Bronze and Iron Age Activity
The probability distribution of the combined ages of activity on upland areas are given in Figure 2 and the individual age ranges are provided in Table 1 . The 57 radiocarbon ages obtained from the Bronze Age show a remarkable degree of consistency (Table 1) . Taken as a whole, human activity on upland areas in southwest Britain appears to have spanned a considerable period of time during the mid to late Holocene, encompassing 3900 to 2950 cal. BP (Table 1) . The earliest evidence of activity appears to have been ceremonial, most of which was in the form of barrow and cairn construction from 3900 cal. BP, with the earliest sites being found on both Exmoor and Bodmin Moor at Davidstow (Christie, 1988) , Stannon Downs (Jones, 2006) and Lanacombe (Gillings et al., 2009) . Within 300 years, there is unambiguous evidence for the commencement of farming and settlement in these upland areas, most notably at Shaugh Moor on Dartmoor (Jordan et al., 1994; Wainwright and Smith, 1980) , consistent with paleoecological data which has suggested an increasingly open landscape during the middle Bronze Age and intensive land use (Fyfe and Woodbridge, 2012) .
Intriguingly, the dating of field systems in the southwest (which includes reaves) implies formal land division stopped sometime after 3400 cal. BP. A critique of Fleming (1988) questioned whether the field boundaries represented a single, planned phase of enclosure over some 300-400 years (Johnston, 2005) . Unfortunately our radiocarbon dataset for (Table 1) .
Investigating Climate Change as a Driver of Bronze Age Abandonment
To investigate changing climate across the Bronze Age, we undertook tipping point analysis on the annually-resolved northern Ireland bog oak population data from 3900 to from one thousand randomisations of the original data were used to determine the significance of the trend, and found that the indicators of autocorrelation and variance give p<0.1 and p<0.01 respectively (see Figure 5) . These results strongly suggest that the abrupt downturn in the oak number was as a consequence of long-term forcing, consistent with a climate-driven shift. Furthermore, the random nature of the sampling and the multicentennial duration of the trends in both autocorrelation and variance implies a pervasive long-term climate driver rather than site specific factors skewing the record (Swindles and Plunkett, 2009 ). The implication is the climate system in western upland Britain shifted to a wetter state at the termination of the Bronze Age as a result of long-term forcing.
To investigate whether the termination of intensive late Bronze Age activity on upland areas coincided with climate change during this period, we compared the age limits of human activity in upland southwest Britain against the Irish bog and lakeside oak population data (Turney et al., 2005) . The Irish bog oaks suggest a major shift to wetter conditions with rising water table (and lake) levels commencing at 3130 cal. BP, with a fall in numbers and a coincident increase in the mean age of the oaks (from 200 years to 218 year by 2908 cal. BP) (Figure 2 ). The timing of this change is consistent with a southward migration of polar waters and the associated movement of prevailing westerly airflow over northern Europe from a more northerly location (Bakke et al., 2008; Bond et al., 2001; Jonsson et al., 2010; Turney et al., 2005) .
The degree of wetness during times of low bog oak numbers cannot be currently quantified though it is clear water tables and lake levels were elevated across the British Isles around 2900 cal. BP. Within Ireland, a sustained period of wetness has been inferred from peat humification values at this time (wet shift 3 as reported by (Plunkett, 2006) ), and coincident with increasing inorganic levels in peats (Plunkett, 2009) . The recently reported Irish-wide record of changing water table levels similarly reports a major shift around this time (within the dating uncertainties of the reconstruction) (Figure 2) (Armit et al., 2014) . In Britain, a stacked testate amobae reconstruction of water table levels also demonstrates a pronounced change to wetter conditions at the same time (Charman et al., 2006) . Overall, the number of oaks records a shift to wetter conditions across the British Isles after 2942 cal. BP. Critically for this study, this shift to wetter conditions is synchronous with the abandonment of upland areas in southwest Britain, dated in this study to 2880±70 cal. BP.
This change in population parallels a similar shift in human activity recently reported in Ireland (within chronological uncertainties) (Figure 2) (Armit et al., 2014) suggesting similar responses to climate forcing across the wider British Isles.
Our results are consistent with increasing wet conditions on upland areas across the British Isles during the termination of the Bronze Age. The precise climate control remains unclear, however. Changing seasonality, reduced growing season length and/or the delivery of higher precipitation could have conspired to reduce agricultural yields, limiting the human population that could be sustainably maintained. Further work is required to elucidate the climate parameter(s). Regardless, populations most probably migrated to drier, more freely draining areas in the lowlands able to support a permanent mixed agricultural system; though whether there was significant population pressure in these lower areas is unclear from the current archaeological evidence (Webster, 2007) .
Through the Holocene, collapses in tree populations appear to coincide with coherent millennial-scale changes in marine sediment ice-rafted debris content and the polar vortex over the North Atlantic (Bakke et al., 2008; Bond et al., 2001; Jonsson et al., 2010; Turney et al., 2005) , suggesting the same centennial-scale hydrological conditions associated with wider North Atlantic change (Bond et al., 2001; Daley and Barber, 2012; Langdon and Barber, 2005; Trouet et al., 2012) . Importantly, historical records and reconstructions of climate over the past millennium (Hurrell, 1995; Luterbacher et al., 2010) suggest shifts in the North Atlantic Oscillation led to low frequency circulation changes across the greater North Atlantic region, resulting in antiphase moisture delivery across Europe and the Mediterranean. Thus, at the time of 2950 cal. BP, wetter than normal conditions experienced in northern Europe most probably drove drier than normal conditions in the Mediterranean, impacting communities in the south (Frank et al., 2002; Kaniewski et al., 2015) . It therefore seems possible that the archaeological changes experienced in southwest Britain were part of a broader suite of change as different human populations across Europe responded in their own way to contrasting trends. Regardless of whether this was a regionally significant event, our findings support the case that deteriorating climate conditions played a significant role in widespread upland abandonment of permanent mixed farming in southwest Britain around 2950 cal. BP. Unfortunately, previously studies have relied on limited radiocarbon dating age control and low-resolution records of inferred climate changes to make comparisons. Here we have undertaken a comprehensive study of published radiocarbon ages from archaeological contexts across upland areas reported over the past three decades and compared to the recently published Irish bog and lakeside population data which might be regarded as a highly-sensitive and precisely-dated measure of wetness for the British Isles. By calibrating charcoal and wood archaeological ages, we observe an apparent relationship between the end of human activity across upland areas in southwest Britain and a period of maximum wetness around 2950 cal. BP, coincident with the late Bronze Age. Our results support the argument that farming communities operating in marginal environments were highly vulnerable to climate change in the past and that adaptation was most probably through migration to lowland areas. Further work is now needed for more targeted archaeological work to comprehensively date records spanning the Bronze and Iron ages across the region. (Bronk Ramsey and Lee, 2013; Reimer et al., 2013) . Only wood and charcoal samples were used where the stratigraphic association with the archaeological context was reported as unambiguous. (Bowman et al., 1990) ; (6) Shaugh Moor (Jordan et al., 1994 ); (7) Davidstow (Christie, 1988) ; (8) Cataclews (Christie, 1988) ; (9) Stannon Down (Jones, 2006; Jordan et al., 1994) ; (10) Leskernick (Bender et al., 2007) ; (11) Colliford Reservoir (Jordan et al., 1994) ; (12) St Kew (Jordan et al., 1994) ; and (13) Killibury (Jordan et al., 1994) . The location of the Irish bog oak record is shown as a cross in the inset panel of the British Isles. (Charman et al., 2006) and Irish (at 95% confidence limit) (Armit et al., 2014) water table depth (Panels A and B) developed using testate and humification analyses. Mean bog oak age (Panel C), number of tree-ring dated bog oak (line) and lake oak (solid) (Panel D) and mean ring width (black line) with a LOESS smoothing curve (red line) (Pilcher et al., 1984; Turney et al., 2005) . Calibrated age ranges of Bronze and Iron Age activities on upland areas in southwest Britain (Panel F) and Ireland (Panel G.) (Armit et al., 2014) .
Conclusions
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Start and end of southwest Britain calibrated age Phases show 1σ probability range as horizontal lines. Light grey column denotes Bronze Age activity in southwest Britain; dark grey column, Bayesian age-modelled abandonment of the area. 
